When protoplasts, previously cultivated in a medium lacking auxin, are trasferd to complete medium, proteins whose synthesis is stimulated by the hormone become detectable after about 30 minutes and reach a constant level 2 to 4 hours after the beginning of hormonal treatment. In contrast, proteins whose level of synthesis is reduced by auxin, are only affected after 6 hours of treatment.
Short radioactive labelings in deficient medium followed by chases in complete medium show that auxin does not interfere with posttranslational processes.
Analysis of in vitro translation products of protoplast RNA shows that the time courses of auxin effects on protein synthesis and mRNA accumulation are perfectly superimposable. This allows us to exclude the possibility that auxin affects the translation process, but indicates that this hormone acts by regulating the concentration of the auxin-sensitive protein mRNAs.
We have previously shown (8) that auxin induces specific modifications in the pattern ofproteins synthesized by mesophyll protoplasts during culture in vitro and have characterized the synthesis pathway of auxin-sensitive proteins (9) .
In this paper, we describe the time course of hormonal effects on polypeptides whose radioactivity is reduced by auxin and on polypeptides which are only present after auxin treatment. This allows us, first, to localize the auxin-dependent step in the synthesis of auxin-sensitive proteins and, second, to detect possible correlations between the hormonal effect on the protein pattern and on the physiology of the protoplasts. This has been carried out not only by transferring protoplasts from medium lacking auxin to complete medium and labeling for different times, but has also been completed by chases in order to analyze the posttranslational steps and by using in vitro synthesis directed by protoplast mRNA to look at translation and mRNA synthesis.
MATERIALS AND METHODS
Most experiments were performed using materials and methods described in the accompanying paper (9) . We present here only additional methods. In certain experiments, proteins were separated in IEF' gels in the first dimension, rather than by NEPHGE. For this, protoplast extracts were desalted to restrict 'Abbreviations: IEF, isoelectrofocusing; NEPHGE, nonequilibrium pH gradient electrophoresis. pH shift and drift.
Preparation of Samples for Electrofocusing. Protoplasts were recovered by centrifugation (1 3,000g, 2 min) and the pellet frozen at -80°C. Soluble proteins from one pellet (one dish) were extracted for 30 min at 4C in 100 ,ul 10 mm Tris-HCl (pH 7.4) containing 5 mM MgCl2, 100 ,g/ml pancreatic DNase, 50 ,g/ml pancreatic RNase. After centrifugation, the pellet was reextracted with 50 Ml of the same buffer for 15 min. The two supernatants were mixed and dialyzed in a microchamber for 4 to 16 h at 4°C against water. At the end of the desalting, NP-40 was added to 2%, ampholines (LKB 3.5-10) to 2%, fl-mercaptoethanol to 5%, and urea to saturation (9.5 M).
In preliminary experiments, we tested the effect of phenylmethylsulfonyl fluoride (1 mM) (13) and leupeptin (1 ;&g/ml) (2) as proteinase inhibitors in the extraction buffer. No difference was seen. In addition, extracts were dialyzed against a solution containing NP-40 (2%), ampholines LKB 3.5 to 10 (2%), f3-mercaptoethanol (5%), and urea (9.5 M) for 4 h at 20'C. No difference between the pattern obtained after dialysis against water or the urea mixture was detectable. These results indicate that the endogenous protease activity of protoplast extracts is low. Electrofocusing. Proteins were separated by IEF (10) at pH 5 to 7 in cylindrical gels (13.5 cm x 2 mm). IEF gels contained 4% acrylamide, 9 M urea, 2% NP-40, Pharmalyte ampholines (0.5% pH 3-10, 0.5% pH 4-6.5, 1% pH 5-8). Samples were loaded as described for NEPHGE gels (9, 1 1) using 1 (Fig. 1, a, b, c) is undistinguishable from that obtained by direct labeling in the original culture medium (Fig. 1, a (Fig. la') . Later, their level increases and the plateau level is reached after 2 to 4 h of hormone treatment (Fig. 1, b' and c') . In contrast, the levels of f, g, h, a, a,, a', b, b', and c begin to decrease slightly only after - separation procedure with an unrelated polypeptide whose synthesis is independent ofthe hormone. The question as to whether syntheses of a, ,I, and f2 are completely dependent or only stimulated by auxin cannot be resolved by our methodology and is probably more academic than operational. However, by comparing the exposure times needed to obtain the same darkening of the autoradiograms in the regions of a, (,,, and /32 with gels obtained from protoplasts cultivated with or without auxin, we can obtain a minimum estimate ofthe stimulation. The synthesis of a is stimulated at least 10 times, that of #,I at least 50 times, and that of /2 at least 5 times by the hormone. In neutral pH gels, peptide f is resolved into two spots, f, and f2. Both have a reduced level of radioactivity in hormone-treated protoplasts. In addition, a polypeptide indicated by a double arrow (mol wt 70,000 D) has a slightly higher level of radioactivity in hormonetreated protoplasts. This spot, which is (barely) detectable on pH 3.5 to 10 gels has not been studied in detail as its stimulation by auxin is very low in some protoplast batches.
Although the reduction of the background allows the detection of about twice as many neutral polypeptides on pH 5 to 7 gels as on pH 3.5 to 10 gels, we have not observed other auxinsensitive proteins. After transfer to complete medium (Fig. 3, a, b, c), a and #,I become rapidly detectable and the level of /2 increases after about 30 min, the plateau level being obtained after 3 to 4 h. In contrast, the level of synthesis of f, and f2 is only reduced later, after about 6 h auxin treatment. The spot noted by a double arrow becomes more radioactive only after a long delay (= 4-6 h).
Pulse-Chase Studies. To determine whether auxin plays a role in posttranslational processing ofauxin-sensitive polypeptides (a, a,, a', b, b', c, and possibly g and h), we labeled protoplasts for 1 h in a medium lacking auxin and then transferred them to complete medium containing unlabeled methionine, and followed the fate of the radioactivity during 2-, 4-, 6-, and 18-h chases. As suspected from their rapid labeling, we do not observe any radioactivity in spots a and fl. This is proof that the chase is effective, i.e. that any remaining radioactive methionine is effectively diluted by the cold methionine. Under these conditions, auxin has no effect on the protein pattern during the chases (data not shown). This indicates that auxin does not play any role in posttranslational processing of the auxin-sensitive proteins. Cell-Free Protein Synthesis. In order to determine if auxin modifies protein synthesis by changing the translation of the corresponding mRNA or by regulating the accumulation of mRNA, we translated protoplast RNA in a rabbit reticulocyte system and analyzed the products by two-dimensional electrophoresis.
NEPHGE pH 3.5 to 10 gels ofthe peptides synthesized in vitro (9) indicate that the mRNAs of a and ,B are absent from protoplasts cultivated without auxin and that the mRNA off is present at a lower level in auxin-treated protoplasts. The higher resolution afforded by IEF pH 5 to 7 gels confirms this conclusion (Fig. 4, a and b) : as for in vivo synthesized proteins, spot f is resolved into two spots, f, and f2, indicating that both polypeptides are direct translation products. Two other polypeptides, noted by an open arrow (mol wt = 68,000 D), are synthesized in vitro at lower levels using mRNA isolated from auxin-treated protoplasts. These in vitro translation products have been found (Fig. 4b) . Polypeptides ft are resolved into and 12, as are in vivo proteins, indicating that botl are direct translation products. Similarly, a spot coi 162 is clearly detectable on the gels obtained wi cultivated without auxin. The spot noted with a di also present in the cell-free synthesis. We do not i polypeptides whose mRNA concentration is incre treatment of protoplasts.
When protoplasts previously cultivated in me auxin are transferred to complete medium, sp become faintly detectable after 20 to 30 min and able after 1 h, while the level of (2 is clearly increased at this time (Fig. 4c) . The plateau level is reached after 4 h of hormone treatment. In contrast, the level of the spot noted by a double arrow increases very slowly, an effect being detectable 4 to 6 h after the beginning of hormone treatment. The decrease in the level of f1, f2, and of polypeptides noted by an open arrow is slow, and is not detectable before 4 to 6 h of hormone treatment.
Thus, the time course of auxin-induced modifications of the RNA pattern is superimposable on the kinetics of modification of protein synthesis. This is proof that auxin regulates protein synthesis by modifying the level or the presence of the corresponding mRNA and has no effect on the translation of mRNAs of auxin-sensitive proteins.
Relationship between a Mitosis Inhibitor Accumulating in the 1 Hour
Culture Medium and the Effect of Auxin. We have previously shown (7) that, after 24 h in culture, an inhibitor of mitosis is present in the culture medium lacking auxin. Mitosis only occurs when addition of auxin is accompanied by transfer ofprotoplasts to fresh medium. We have used this procedure during this work.
In addition, we have obtained evidence suggesting that the inhibitor may be a cell wall component (7) . In order to obtain information on the action mechanism of this inhibitor, we added auxin to protoplasts cultivated for 24 h in medium without auxin and followed the effect on the protein pattern. Under these conditions, auxin has no effect on protein synthesis. A similar inhibition of auxin effect by cell wall components had been described by Albersheim et al. (1) . The most simple hypothesis is that the inhibitor accumulating in the deficient medium blocks 2 Hours the uptake of auxin. auxin after labeling in its absence eliminate the hypothesis of an auxin effect on posttranslational processes. Does auxin act directly or indirectly on protein synthesis? The very short delay between auxin treatment and the appearance of a and 13 mRNAs suggests that auxin acts directly on one step in the synthesis of these mRNAs. In contrast, the decrease in the level of proteins whose synthesis is limited by auxin is very slow. surprising for polypeptides a, a,, a', b, b' , and c, whose maturation is slow, the same result is observed for direct translation product f and for the rapidly labeled products g and h. It is clear that the beginning of an inhibition is more difficult to detect than the beginning of a synthesis, particularly when spot intensity is estimated subjectively, as in the present analysis of two-dimensional electrophoresis. In addition, if auxin rapidly reduces the synthesis of f, g, and h mRNAs, the effect on the concentration of their messengers will only be detectable later, depending on their lifetime, which may be long. Thus, it is possible that the reduction in the level of inhibited proteins, although slow, is the result of a direct effect of auxin on the synthesis of their mRNA. Nevertheless, we cannot exclude the possibility of a more indirect effect of auxin on the synthesis of these proteins.
If this is not
In addition, the auxin-induced changes in protein synthesis are not a consequence of the auxin-induced proton extrusion, since neither fusicoccin nor a direct acidification of the culture medium change the pattern of protein synthesis.
The biological function of auxin-sensitive proteins is not known. Nevertheless, in the accompanying paper (9), we present evidence suggesting that the proteins whose synthesis is reduced by auxin are related to wall formation, while proteins which are only detected in the presence of auxin are related to mitotic development. A comparison of the kinetics of auxin effects on mitosis and on protein synthesis reinforced this conclusion. While the inhibition in the synthesis of basic proteins is a slow phenomenon, stimulation of the synthesis of a, #,, and 12 is very rapid. Similarly, auxin is necessary from the beginning of culture to induce mitotic development (7) . Thus, the time course of the auxin effect on a, 13,, and 12 is compatible with the hypothesis of a participation of these proteins in mitotic development. However, more information is needed to confirm this hypothesis.
The mode of action of auxin has mostly been studied on experimental systems responding to the hormonal treatment by cell extension, while systems whose response is mitosis have been largely neglected. Auxin-induced cell elongation has been separated into two phases: the early phase, probably not dependent on protein synthesis because of the very short lag-time, can be mimicked by reducing the pH of the medium from 6 to 4. This is followed by a late phase, probably dependent on protein synthesis as it is sensitive to inhibitors of protein synthesis, responsible for sustained growth ( 14) .
Recently, auxin-induced changes in the protein synthesis of systems responding by elongation have been analysed in detail (3, 4, (15) (16) (17) (18) ) and shown to be largely similar to the changes we report for tobacco protoplasts. In both experimental systems, auxin rapidly (10-30 min) stimulates synthesis of a few neutral peptides having a mol wt between 24,000 and 32,000 D and inhibits the synthesis of other peptides after a much longer time (4-6 h). The mol wt of the peptides whose level is reduced by auxin in hypocotyls is currently unknown. It would also be interesting to determine whether they are proline-rich and undergo a complex posttranslational processing as in tobacco protoplasts. While we have shown that auxin has no effect on translational or maturation processes in protoplasts, the existence of such an effect in systems responding by cell elongation has not been strictly disproved. However, in both types of system auxin acts by regulating the mRNA concentration of the auxinsensitive proteins.
Thus, in spite of apparently very different physiological responses, auxin induces very comparable changes in protein synthesis. This paradox is considerably attenuated if one recalls that there is no experimental system which shows a unique physiological response to auxin treatment. For example, protoplasts need auxin to undergo mitosis, but in its absence do not regenerate a cell wall. In addition, auxin affects other characteristics of protoplasts, such as the permeability to numerous substances (6) . Similarly, hypocotyl cells react first by elongation during the auxin treatment, but later undergo mitosis (4). Thus, both systems present at least an auxin response at the level of the cell wall (elongation or wall regeneration) and a response at the level of the nucleus (mitosis), and presently the relationships between the physiological effects of auxin and its effect on protein synthesis remain largely speculative.
